INTRODUCTION though variable, contribution to the subduction component. Modelling demonstrates that the Nd/Hf ratio of the subduction component The composition of volcanic arc lavas is largely controlled
probably lay between 40 and infinity and thus was probably the by the two inputs into the subduction system: the mantle main cause of the negative HFSE anomalies that characterize much input and the subduction input. The mantle input is the of the Recent arc. This result may further indicate that the subducting mantle that replenishes the mantle wedge beneath the sediment lost elements to the mantle wedge mostly by dehydration arc to produce a continuous source for arc volcanism. rather than fusion. In contrast, the data also show that the positive The subduction input is the fluid (aqueous and/or melt) component from the subducting oceanic crust and its Hf anomalies that characterize much of the Protoarc cannot be sedimentary cover, which modifies the mantle com-pelagic sediment, volcanogenic sediment and oceanic crust) and to the thermal state of the subduction system, position and causes and/or enhances the degree of melting.
both of which can vary in time and space within a single subduction system. Particularly controversial is whether The key question about the mantle input concerns its provenance and enrichment-depletion history. It is well subducted materials dehydrate or melt. The geophysical argument, based on thermal modelling, is that neither known that the upper-mantle sources of mid-ocean ridge basalts (MORB) vary systematically on a global scale subducted crust nor sediments attain melting temperature, at least not beneath most present-day arcs such that it is possible to define large-scale mantle domains with internally coherent isotopic and incompatible ele- (Peacock, 1991) . Although some geochemists base their models on this assumption (e.g. Pearce & Peate, 1995) , ment ratios. The most distinctive of these is the Indian mantle domain, which is related to the identification of others claim that the oceanic crust usually dehydrates whereas the sediments melt (e.g. Turner et al., 1996 ; mantle with a distinctive Pb isotope signature (the DU-PAL anomaly) in the Southern Hemisphere (Dupré & Elliott et al., 1997; Hawkesworth et al., 1997) . The principal exception is ridge subduction, where there is a Allègre, 1983; Hart, 1984; Hamelin et al., 1985 Hamelin et al., -1986 . There is a sharp boundary (~25 km wide) between the consensus that even oceanic crust may melt (Defant & Drummond, 1990) . A key part of the argument for Indian mantle domain and the isotopically distinct Pacific mantle domain at the Australia-Antarctica Discordance sediment melting is that some elements, Th in particular but also the light rare earth elements (LREEs), have a (AAD) (Klein et al., 1988 (Klein et al., , 1991 Pyle et al., 1992 Pyle et al., , 1995 . There is also evidence for the presence of both mantle low mobility in aqueous fluids. In consequence, siliceous melts are required to explain the high degree of endomains in the arc-basin systems of the Western Pacific (Hickey-Vargas et al., 1995) . Mantle of both Indian and richment of these elements observed in arc lavas.
Hf-Nd systematics can also provide information on Pacific provenance may have experienced episodes of enrichment (e.g. by plumes) or depletion (e.g. in the back-the subduction input that is not easily obtained in other ways. Because Hf has been shown to have a low solubility arc region) during their long-term or recent evolution.
Hf-Nd systematics can provide information on the in aqueous fluids derived from typical subducted materials, it should not be transported into the mantle mantle input that is not easily obtained in other ways. Analysis of trace element patterns in volcanic arc lavas wedge in fluids derived from dehydration of subducted sediment or crust. However, Hf is soluble to varying has shown that a typical island arc basalt owes, on average, over 75% of its Sr and Pb and about 25% of degrees in siliceous melts, as can be seen from both experiment and empirical studies of crustal melts. By its Nd to subduction (e.g. Pearce & Peate, 1995; Davidson, 1996) . Thus the isotope systems conventionally used to contrast, Nd is generally more soluble in both aqueous fluids and melts. We would therefore expect Hf-Nd discriminate between mantle domains may be significantly affected by recent subduction processes. More-covariations to be a sensitive indicator of the nature (aqueous fluid vs melt) of the subduction component. over, even in oceanic terranes not influenced by subduction, alteration can further modify Sr, Pb and, to Because Hf is a high field strength element (HFSE) and Nd a rare earth element (REE), Hf-Nd variations a much lesser extent, Nd concentrations and isotope ratios. The ideal isotopic tracer for these terranes is also provide a basis for understanding the HFSE anomalies that characterize subduction-related lavas. HFSE thus one that is based on an element that is not only incompatible and able to contribute to the discrimination, anomalies are caused because HFSE and REE of similar incompatibility behave coherently during the mantle but also conservative (i.e. not added to the mantle wedge during subduction) and immobile during alteration. Be-melting that generates most MORB and ocean island basalts (OIB), yet are decoupled in subduction systems cause experiments and theory both indicate that Hf is immobile relative to most elements in chloride-dominated (e.g. Thirlwall et al., 1994; Pearce & Peate, 1995) . This work focuses on Hf anomalies, those formed by Hf with aqueous fluids (Brenan et al., 1994 (Brenan et al., , 1995 Ayers & Eggler, 1995; Ayers et al., 1997; Stalder et al., 1998) , Hf isotopes respect to Nd and Sm on chondrite-normalized patterns.
In a previous study, Salters & Hart (1991) found no provide the greatest potential for fingerprinting mantle domains using rocks affected by subduction and/or al-significant correlation between Hf isotope ratios and size of Hf anomalies in oceanic arcs. They were thus teration. Given that single isotope systems have limited discriminating power, we examine here the potential of able to conclude that the Hf depletion in the mantle wedge is not a long-lived feature (<250 my). More using Hf isotopes in conjunction with Nd, the most subduction-and alteration-insensitive of the other main controversially, they preferred to explain the Hf depletion in terms of a global HFSE-depleted reservoir isotope systems (e.g. White & Patchett, 1984; Salters & Hart, 1991; Salters, 1996) . rather than a subduction component. In this paper, we examine more closely the role of subduction inputs A key question about the subduction input is its relationship to the nature of subducted materials (e.g. in generating Hf anomalies.
(Ocean Drilling Program) Site 447 (age 42 Ma). The
DATA SOURCES
Celebes Sea and Zambales ophiolite also have Eocene This paper provides and utilizes new data from the ages. The Celebes Sea sample is from ODP Site 770 Izu-Bonin-Mariana (IBM) region of the Western Pacific (age 50 Ma) and is of MORB composition (Serri et al., (Fig. 1) , while also re-evaluating published data from the 1991). The Zambales ophiolite (age 46 Ma) comprises Lesser Antilles, Sunda, Banda, New Britain, Aleutians, two 'Blocks', the Coto Block and the Acoje Block. The Mariana and Izu arcs (White & Patchett, 1984 ; Wood-chosen sample is from the Coto Block, which is close to head, 1989; Salters & Hart, 1991) . The IBM system has MORB composition, although it does exhibit a small long been a type area for understanding the origin and subduction component (Yumul et al., 1998) . evolution of arc-basin systems. Its series of arcs and basins has retained a geometry that has permitted its tectonic evolution from subduction initiation onwards to be reconstructed in some detail (e.g. Crawford et al., Protoarc 1981; Hussong & Uyeda, 1981) . We thus know that Subduction initiation in this part of the Western Pacific subduction initiation in the Western Pacific began in the took place between 50 and 45 Ma (e.g. Pearce et al., middle Eocene while sea-floor spreading was taking place 1992a; Cosca et al., 1998) . Rocks of this age in the IBM near the Pacific margin within the West Philippine Basin system are at present located in the IBM forearc, where and Celebes Sea. The earliest stages of subduction pro-they range from boninite to tholeiite in composition. duced an Eocene 'Protoarc terrane', which is now mostly Samples for this study have been taken from the Bonin preserved in the Bonin and Mariana forearcs as oceanic-forearc (Chichijima in the Bonin islands and ODP Leg type crust overlain by boninitic and tholeiitic volcanic 125, Sites 782 and 786), from Guam (Facpi Group) edifices (Pearce et al., 1992a; Bloomer et al., 1995) . By and from the Mariana Forearc (DSDP Leg 59). These the Oligocene, a more typical arc terrane had built up represent the range of samples from the low-Ca boninite, (the Early arc), now mostly preserved in the Palau-high-Ca boninite and tholeiitic series that characterize Kyushu Ridge. From the Oligocene onwards, a series of the Protoarc terrane (Arculus et al., 1992) . Samples 62R-arc, arc-rifting and back-arc spreading events took place, 3 and 70R-3 from Site 786 are low-Ca boninites; samples which gave rise to the present geometry. Crustal accretion from Chichijima, Guam 67R-1, 49R-4 and 21R-1 repis currently taking place by back-arc spreading within resent the various members of the intermediate-Ca bonthe Mariana Trough, by arc-rifting within the Izu arc, inite series; and the samples from Sites 458 and 782 are and by arc volcanism along most of the 2000 km length a tholeiitic andesite and a calc-alkaline dacite, respectively of the IBM system (e.g. Woodhead & Fraser, 1985; Stern (Pearce et al., 1992b Woodhead, 1989; Lin et al., 1990; Elliott et al., 1997) . The significant along-axis variations in the composition and morphology of arc volcanoes have led
Early arc
to the subdivision of the Mariana arc into a series of
The volcanic arc proper that finally established itself in provinces (Stern et al., 1988; Lin et al., 1990 ) (see Fig. 1b) .
the Oligocene is exposed now in the Palau-Kyushu These well-defined temporal-spatial variations in subRidge and the Mariana forearc. These two terranes were duction-related magmatism make the IBM system ideal formerly juxtaposed but are now separated by younger for this investigation. Locations of the samples used in back-arc basins. Samples for this study come from the this study are shown in Fig. 1 . Their characteristics are Palau-Kyushu Ridge itself (DSDP Site 448) and from given below. the subaerial exposures on Palau (Arakabesan Unit), Guam (Alutom Unit) and Saipan (Hagman Unit). They all give ages between 32 and 36 Ma (Cosca et al., 1998) .
Western Pacific basins
All samples are basic to intermediate members of the Our samples are taken from the West Philippine Basin, calc-alkaline series. the Celebes Sea and the Zambales ophiolite (Fig. 1b) . Spreading took place in the West Philippine Basin from at least 60 Ma until~37 Ma, with a change in spreading Recent arc rate and direction at~42 Ma (Hussong & Uyeda, 1981) . Compositions vary from N-MORB to OIB, with no Recent arc volcanism extends along the 2000 km length of the IBM system, where it is in part subaerial and in obvious subduction component (Crawford et al., 1981; Hickey-Vargas, 1991; Pearce et al., 1992a) . The West part submarine. The system has been divided into a number of chemically and morphologically distinct provPhilippine Basin samples in this study are a representative OIB from DSDP (Deep Sea Drilling Project) Site 292 inces. From south to north, these are: the Southern Seamount Province (SSP), the Central Islands Province (age 49 Ma), and a representative MORB from ODP Table 1 (see below) gives the full names of the arc volcanoes.
(CIP), the Northern Seamount Province (NSP), the Vol-& Patchett, 1984) , to which we have added a sample from the intra-oceanic volcano, Oshima. The Oshima cano Arc (VA), and the Bonin and Izu Arcs (Stern et al., sample is tholeiitic in composition, whereas the Agrigan 1988; Lin et al., 1990; Peate & Pearce, 1998; and Fig. 1c) .
sample (and the CIP in general together with the conMany of the subaerial volcanoes of the CIP in the tinental Izu arc) is calc-alkaline and the Eifuku sample Mariana arc have already been analysed for Hf, and is high-K calc-alkaline. other, isotope ratios (White & Patchett, 1984; Woodhead, 1989) . This paper utilizes the isotope data and REE and Hf element data from these papers, renormalized where appropriate for consistency with our own data (see AnaSubducting Pacific crust lytical Methods). Our new data from the Recent Mariana arc include one sample from the CIP (Agrigan), plus a Samples representing the oceanic crust currently subsample from the NSP (Eifuku). In addition, there are ducting beneath the Mariana arc system are taken from ODP Leg 129 Site 801, which is located within the published data from the partly continental Izu arc (White Jur.-Rec.
Cret.
Cret. Jurassic Quiet Zone in the Pigafetta Basin due east of ANALYTICAL METHODS the Mariana arc (Fig. 1) . The crustal section at this Hf isotope analyses were carried out at the NERC Isotope locality comprises an upper, alkali basalt sequence dated Geosciences Laboratory (NIGL) by conventional thermal at~157 Ma and a lower tholeiitic basalt sequence dated ionization mass spectrometry (TIMS). The detailed proat~167 Ma (Castillo et al., 1992) . The alkali basalts have cedure for the high-precision analysis of Hf isotopes by the trace element characteristics of OIB and the tholeiitic conventional TIMS has been described by Nowell et al. basalts have the characteristics of MORB (Pringle, 1992 (Pringle, ). (1998 . A brief outline is given here. Whole-rock powder A distinctive geochemical feature of the OIB samples is (1-3 g) was dissolved in HF-HNO 3 and a three-column their trend toward HIMU compositions. Two samples procedure, adapted from Salters & Hart (1991) and were chosen from each group for this study: OIB from Barovich et al. (1995) , used to separate~3-5 g of Hf Hole 801B (43R-1) and 801C (3R-1), and MORB from from Ti and Zr. The Hf isotope analyses were performed Hole 801C (5R-4 and 7R-2). Three of the samples have on a nine-collector Finnigan MAT 262 using a double experienced low-grade, sub-sea-floor alteration (10-20%
Re filament assembly. Data were collected in manual smectite within the glassy-cryptocrystalline groundmass); static multi-collection mode, and normalized for mass one (3R-1) was deliberately chosen for its intense, though fractionation using an exponential law and a
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Hf/ 177 Hf still low-grade, alteration that affected both groundmass ratio of 0·7325 (Patchett & Tatsumoto, 1980) . Samples and feldspar phenocrysts.
were analysed for Hf isotopes on three separate occasions during the course of this study. Average JMC 475
176
Hf/
177
Hf values and ±2 SD errors were respectively 0·282155 ± 18 (n = 65); 0·282155 ± 6 (n = 26); and
Subducting volcanogenic sediments
0·282169 ± 16 (n = 30). All Hf data from this work Thick sequences (~200 m) of Cretaceous volcanogenic ( Hf ratio for time. One representative sample (18R-1) was chosen JMC 475 of 0·28216, is 56 ppm 2 SD (n = 9; Nowell from Hole 801A from core dated biostratigraphically as et al., 1998). All epsilon values are calculated using the mid-Cretaceous (late Albian). The principal components CHUR value of Blichert-Toft et al. (1997) . of the samples are volcanogenic minerals (plagioclase and
To ensure a complete dataset, all samples analysed for clinopyroxene) and altered volcanic glass. Like some of Hf isotopes were analysed at Durham University by Xthe subducting crust, these sediments have distinctive ray fluorescence (XRF) for major elements and some geochemical compositions (OIB with HIMU chartrace elements, and by inductively coupled plasma mass acteristics) and are thought to play an important role in spectrometry (ICP-MS) for the full set of trace elements the genesis of at least the active Mariana arc volcanics [methods of Peate & Pearce (1998) ]. They were also (e.g. Woodhead & Fraser, 1985; Woodhead, 1989 Sr. Sample data are reported samples is opaline silica and ferromanganoan oxyrelative to accepted values of NBS 987 of 0·71024 and hydroxides, but the Cretaceous sample has a significant 0·51186 for the La Jolla standard. Repeated runs of NBS volcanogenic component (Karpoff, 1992) . There are two 981 demonstrate that the reproducibility of Pb-isotope additional Hf isotope analyses from the Mariana Basin ratios is better than ±0·1%. Pb isotope ratios were published by Woodhead (1989) , one a clay composite corrected relative to the average standard Pb isotopic made up of sediments from DSDP Site 452, the other a compositions of Todt et al. (1993) . The Hf and Nd isotope seamount-derived volcanogenic sediment from DSDP Site 585. data are presented in Nd for recent volcanic rocks and as plots Figure 2c demonstrates that basalts of Indian and of Hf t against Nd t for datasets that include older rocks. Pacific provenance also occupy separate fields in Hf-Nd Figure 2a shows the latter plot for samples analysed for isotope space, the Indian Ocean samples having the this study that are unrelated to subduction, i.e. those higher Hf isotope ratios and lower Nd isotope ratios. from the Eocene basins and subducting Pacific crust. Samples from the AAD itself form a cross-trend linking Also plotted are the reference fields of ocean island basalts the two fields. As on the Pb isotope plot, the Eocene basins (OIB) and mid-ocean ridge basalts (MORB), and the and Pacific crust form separate and parallel MORB-OIB reference points for the mantle 'end-member com-arrays (see also Fig. 2a ). MORB from the Eocene basins, ponents' EMI, EMII and HIMU (Salters & Hart, 1991 ; which are of clear Indian provenance on the Pb isotope Nowell et al., 1998) . The figure demonstrates that the plot, also plot in the Indian MORB field on the Hf-Nd Eocene basins and Pacific crust form trends that run diagram. MORB from subducting Pacific crust similarly approximately, though not exactly, parallel to the prin-plot in the Pacific fields of both diagrams. Thus, there is cipal axis of dispersion of the global OIB field. However, good evidence that the displacement of the Eocene basins these trends are displaced from one another, the Eocene and Pacific crust in Fig. 2a can be attributed to a basins having higher Hf values for a given Nd value. difference in mantle provenance. If so, then the Hf-Nd The positive slope of the principal axis of dispersion of diagram may provide a method of discriminating Indian the elliptical OIB field has been explained by the fact from Pacific mantle that is less sensitive to subduction that the parent isotopes of the Hf and Nd isotope systems and alteration than other isotope plots. (Lu and Sm) are more compatible than the daughter We have drawn, by eye, a discriminant boundary that corresponds to the Pacific-Indian boundary on the Pb isotopes (Hf and Nd) (e.g. Salters & Hart, 1991; Salters, isotope plot. This line passes, within error, through the 1996). The positive correlations between Hf and Nd origin with an equation of isotope ratios can thus be explained by ancient, meltinginduced variations in the Lu/Hf and Sm/Nd ratios of Hf = 1·6 Nd (1) the various mantle reservoirs. It is probable that the same explanation applies to the main component of variation This discriminant boundary is somewhat oblique to, within each of the two sets of Western Pacific MORB though within error of, the axis of dispersion of the global and OIB.
OIB array as defined by Johnson & Beard (1993) and The more circular dispersion of MORB requires an Vervoort et al. (1998) . Johnson & Beard's equation, modiadditional negative correlation between the isotope ratios fied to take into account the redefined CHUR value used that is less easy to explain. Processes that may contribute to recalculate Hf (Blichert-Toft et al., 1997) , becomes to the latter include: disequilibrium mantle melting; Hf = 1·4 Nd + 3·13 (Nowell et al., 1998) , giving a plume-upper-mantle interaction; delamination of meta-slope of 1·4 compared with our value of 1·6 for the somatized mantle lithosphere; and recycling of subducted discriminant boundary. Johnson & Beard and others use oceanic lithosphere (Salters, 1996; Nowell et al., 1998) . the term Hf to define the Hf isotope deviations from Experimental error may also make a significant con-principal axis of dispersion of the global array. We can tribution. One or more of these explanations may apply define the comparable terms, Hf P/I and Nd P/I (where to the variation between the basalts of the Eocene basins P/I indicates Pacific/Indian) to define isotope deviations and Pacific plate. In addition, however, one component from the discriminant line, where of this variation is likely be related to differences in Hf P/I = 1·6 Nd -Hf (2) mantle provenance, as Fig. 2b and Fig. 2c show. Figure 2b illustrates what has, until now, been conNd P/I = 0·625 Hf -Nd (3) sidered the most effective projection for discriminating between basalts of Indian and Pacific provenance, that
It should be noted that we have written these equations Data sources are as indicated in the text and in the caption to Table 1 . n.a., not analysed.
VOLUME 40 NUMBER 11 NOVEMBER 1999 so that both delta values are positive for samples displaced enance using our regional discriminant, but some overlap using the Beard & Johnson equation for the global OIB to lower epsilon values than the discriminant line. This means that Nd P/I is positive for rocks of Indian prov-array. enance and negative for rocks of Pacific provenance.
Hf P/I is negative for rocks of Indian provenance and positive for rocks of Pacific provenance. With the present, Variations in island arc volcanic rocks admittedly limited, dataset there is near-perfect dis- Figure 3a shows the distribution of our new data plus crimination between basalts of Pacific and Indian provpublished data on the arc lavas and subducted materials from the IBM region. The combined IBM dataset forms a cluster within the low Hf, low Figure 3b compares the IBM arc with published data from other arcs. Of these, the Aleutian arc, New Britain arc and part of the Fiji arc plot in a similar part of the diagram to the IBM arc. However, three Fiji arc lavas (Salters & Hart, 1991) plot in the high Nd, low Hf part of the MORB field. In addition, many of the samples from the Lesser Antilles, Sunda and Banda arcs (White Fig. 2. (a) Hf-Nd isotope plot of the mid-ocean ridge basalts (MORB) and ocean island basalts (OIB) of the IBM arc-basin system. Reference fields (simplified as 95% probability ellipses) and mantle end-member compositions are drawn from the data of Nowell et al. (1998) (1985) (1986) , Pyle et al. (1995) , Klein et al. (1988 Klein et al. ( , 1991 and this paper (see Appendix). The mantle domain boundary is drawn by eye. (c) Hf-Nd isotope plot for Western Pacific Eocene basins, and subducting basaltic crust and volcanogenic sediment using the same dataset as for (a) and using the Pb isotope discriminant to identify Pacific vs Indian provenance. It should be noted that the data available also discriminate perfectly between Indian and Pacific provenance on the Hf-Nd isotope plot. The shaded area in (b) and (c) denotes the field for the AAD, which spans the Pacific and Indian domains. Although there are, at the time of writing, few Hf than those subducted beneath the IBM system (Davidson, 1987; Vroon et al., 1995) and any subduction component isotope data on materials subducted beneath other arcs, we can make some predictions on how the subduction derived from them would be expected to exhibit low Hf and low Nd values. components might vary from arc to arc. For example, we know that oceanic crust of Indian provenance is
There have been only a few attempts to interpret arc lavas in Hf-Nd isotope space. White & Patchett (1984) , currently being subducted beneath the Sunda arc. Thus, we can predict that the crustal and volcanogenic sediment in the first such systematic study, found that island arc volcanic rocks (IAV) 'are distinct from MORB', 'show a components for the Sunda arc should lie in the Indian field and be more collinear with pelagic sediment than pattern closely similar to OIB', 'do not define single, linear correlation lines', and 'require a continental component, the equivalent components for the IBM arc, which lie in the Pacific field. The subducted sediment component will present as subducted pelagic sediment, in all IAV'. Salters & Hart (1991) , studying the Fijian volcanic rocks, noted also be more variable on a global scale. In particular, VOLUME 40 NUMBER 11 NOVEMBER 1999 that 'the data fall in the upper part of the OIB field, and important that the element equivalents are also independent of these processes. , 1995) . This is an effective alternative in most arcs to the upper end of the OIB field'. They further found that quoting trace element values at a given MgO content, there was 'no compelling evidence in the Hf-Nd isotope which corrects for just fractional crystallization (Plank & data from Fiji which points to long-term elemental Hf . The caveat in using Yb is that lavas depletion in IAV source regions compared to MORB with residual garnet signatures, and evolved rocks that and OIB source regions'. Woodhead (1989) , in studying have experienced amphibole crystallization, cannot be the IBM system, noted that 'Hf does not appear to show used or must be corrected before use. significant correlations with other isotopic parameters,
The two ratios, Nd/Yb and Hf/Yb, give a plot comalthough the data are still limited'. It should be noted parable with the isotope projection provided they are that our IBM data support Woodhead (1989) , but do plotted with Hf/Yb as the vertical axis increasing downnot indicate any link between IAV and OIB as proposed wards and Nd/Yb as the horizontal axis increasing to by the other researchers. the left. This gives a straight-line relationship provided the The provenance of the mantle supplying the IBM arc axes are logarithmic. This projection gives the elemental is investigated in more detail in Pb and Hf-Nd isotope MORB-OIB array the same orientation as the MORBspace in Fig. 3c and d . The lead isotope plot shows that OIB array on the isotope plot, i.e. with depleted MORB the IBM arc lavas plot mainly in the Pacific field. As in the top right and enriched MORB (and OIB) in the noted in the Introduction, this observation, combined bottom left (Fig. 4) . The equations for the best-fit line with the elemental evidence that >80% of the Pb has a through the MORB-OIB array using data from the subduction origin, indicates a Pacific provenance (probauthors' database are ably a mixture of Pacific crust and volcanogenic sediment) for much of the Pb in the subduction component. It log Nd Yb =0·674+1·414 log Hf Yb (4) does not, however, provide definitive evidence for the provenance of the Pb in the mantle. Rare samples plot in the Indian field, but their irregular distribution would attribute this to a greater pelagic sediment component log Hf Yb =−0·477+0·707 log Nd Yb (5) rather than to a change in mantle provenance. By contrast, almost all the lavas from the IBM arc plot within Lines representing two standard errors either side of the the Indian (rather than Pacific) field on the Hf-Nd plot best-fit line have been drawn onto the diagram and the in Fig. 3d . The Recent arc lavas exhibit greater dispersion area between them is shaded to define the array. The and have an overall greater Indian affinity than the array on this plot is, of course, much tighter than the Protoarc or Early arc lavas. Comparison with Fig. 3b isotopic equivalent (Fig. 4a) because there is no time shows that lavas from the Lesser Antilles and Indonesian dependence. Because Hf is slightly less incompatible than arcs together with most of the Fiji lavas also plot in the Nd for mantle melting, the slope with Hf/Yb as the yIndian field. Only the three aforementioned Fiji samples axis is slightly less than unity (0·707). plot in the Pacific field of Fig. 3b . As we discuss in the As with the isotope plot, we can define deviations from next section, however, this diagram can only be used to the MORB array. However, any displacement along the infer mantle provenance once the effects of subduction Nd axis of the isotope diagram that is due to mixing have been taken into account.
between a mantle and subduction component will be proportional to the mass ratio of Nd in the two endmembers. For direct comparison with the isotope plot,
VARIATIONS IN Hf-Nd ELEMENT
we therefore need to define variables that reflect not the SPACE absolute deviation from the line, but the deviation relative to the element ratio in the sample. We term these
Variations in Western Pacific MORB and
variables Nd and Hf. For Nd, if the Nd/Yb ratio is OIB displaced from (Nd/Yb) * , defined as the point on the A principal aim of this paper is to understand Hf-Nd MORB array with the same Hf/Yb ratio as the sample, isotope ratios and, in particular, displacements from the discriminant boundary as recorded by Nd P/I and Hf P/I . To test whether these displacements are related to subduction, it is useful first to construct an element Nd= Nd Yb − Nd Yb * Nd Yb (6) projection in Hf-Nd space that matches the Hf -Nd isotope projection. Because Nd and Hf are independent of partial melting and fractional crystallization, it is where, from equation (4), at the lower ratios (top right of the diagram), the OIB samples at the higher ratios (bottom left). The best-fit line is almost identical to that of the global MORB trend. Nd Yb * =10
[0·674+1·414 log(Hf/Yb)]
Unlike the isotope plot, however, there is no significant difference between basalts of Pacific and Indian provenance on this projection. Similarly partial melting of fertile mantle asthenosphere and at For the IBM sample suite, the Eocene basins and least the early stages of subsequent fractional cryssubducted Mesozoic basalts form a highly significant tallization, the resulting pattern will be smooth. Any positive trend (r = 0·98; n = 14) within the global MORB-OIB array (Fig. 4b) . The MORB samples plot decoupling caused by subduction, or other, processes will VOLUME 40 NUMBER 11 NOVEMBER 1999 result in a positive or negative Hf anomaly. Figure 5 shows Lavas from the Recent arcs have characteristically LREEenriched patterns and usually a negative Hf anomaly some representative plots for the various component parts of the IBM system. (Fig. 5c) . For a given degree of fractionation, samples with the highest LREE contents generally have the largest Basalts from the Eocene basins are characterized by smooth patterns, which vary from LREE enriched (OIB-anomalies. Of the subducted materials, the subducted crust is, like the crust of the Eocene basins, characterized type) to LREE depleted (MORB-type) but lack significant Hf anomalies (Fig. 5a ). In the Eocene Protoarc, the by smooth patterns, which vary from LREE enriched (OIB-type) to LREE depleted (MORB-type) and show patterns of boninites and tholeiites are typically dish shaped, with LREE enrichment relative to medium REE no significant Hf anomaly (Fig. 5a ). Of the subducted sediments, all are LREE enriched. There is, however, a (MREE) but also with MREE depletion relative to heavy REE (HREE) (Fig. 5b) . Almost all the patterns have wide range of Hf anomalies (Fig. 5d) . Volcanogenic sediments (e.g. 18R-1) exhibit either no Hf anomalies or positive Hf anomalies and, for a given degree of fractionation, the samples with lowest LREE contents have small negative anomalies, which may be attributed to small pelagic sediment components. Pelagic sediments the largest anomalies. The Oligocene early arc lavas have patterns that vary from LREE depleted to flat and with generally have negative anomalies (e.g. 27R-1), which are largest in samples with the lowest total REE content. no Hf anomaly or a small negative anomaly (Fig. 5c ).
Variations in Western Pacific island arc
Rare samples (e.g. 33R-1) can have positive Hf (and Zr) most negative anomaly ( Hf = 0·56) belongs to the sample from Eifuku in the Mariana Northern Volcanic Zone. anomalies.
It should be noted that at least some of the samples, It is thus apparent from the plots in Fig. 5 that it is the mainly those from the active arc, show displacements to subduction-related lavas (or subducted pelagic sediments) the left of the MORB-OIB trends on both the element that exhibit the Hf anomalies. Moreover, there is a tem- (Fig. 6b ) and the isotope (Fig. 6a) plots. Qualitatively, this poral trend from positive anomalies in the Protoarc lavas, suggests that selective Nd addition from the subduction through no significant anomalies in the Early arc lavas, to zone could explain the negative Hf anomalies. This asnegative anomalies in the Recent arc lavas.
sertion is examined quantitatively in a later section. There are various ways to quantify the Hf anomalies.
Equations can be written that relate Hf and Nd to One is simply to use Hf/Sm ratios, on the basis that Sm the Hf anomaly, Hf (see Appendix). Negative Hf anbehaves in the most similar way to Hf during mantle meltomalies ( Hf < 1) are equivalent to positive Nd values; ing (e.g. Hickey-Vargas, 1989 Figure 6b shows the Nd/Yb-Hf/Yb diagram contoured in terms of (Hf/Yb) * is, as defined in equation (7), the expected YbHf, Hf and Nd. normalized Hf concentration estimated from the Nd/ Both Hf and Nd can be expressed in terms of the Yb-Hf/Yb plot. The difference between the Hf values element compositions of the mantle and subduction zone calculated by the latter two methods is very small. end-members. The Appendix gives the equations equiThe geometrical consequence of our definition is that valent to (9) together with their derivations. One important the loci of equal Hf anomalies are straight lines parallel to special solution for Nd is for Nd to be the only nonthe MORB-OIB trend on the Nd/Yb-Hf/Yb plot conservative (subduction-mobile) element. This is rep- (Fig. 6b) . Anomalies are less than unity above the MORB-resented graphically by a horizontal displacement from OIB trend and greater than unity below it. the mantle composition in Fig. 6b . In this case, Nd also The magnitude of the Hf anomaly can also be viewed corresponds to the mass fraction of Nd in the mantle wedge as a function of the concentrations of Hf, Nd and Yb in that can be attributed to the subduction zone (i.e. Nd = the subduction component relative to their concentrations %Nd sz /100: . For example, the Eifuku in the mantle. Thus sample gives a Nd value of 0·56. This is equivalent to 56% of the Nd in its mantle source being subduction derived, provided Hf and Yb are conservative elements. The special Hf= Fig. 6b . Apart from two also non-conservative, Nd calculated from equation (10) samples with Hf values close to unity, the Protoarc data will be an underestimate. plot below the MORB array with Hf values from 1·30 to Table 1 Fig. 6b for us to be confident that they exceed the combined effects of experimental error mantle and the subduction component, and f is the mass fraction of the subduction component. This equation can and any melting-or source-related anomalies found in MORB. Practically, this means that, to be significant in also be expressed using the same terminology as equation (9) Figure 6 thus shows that a high proportion of the subSimilarly, duction-related samples plot outside the MORB-OIB array. This result confirms that the Hf-Nd plot cannot be taken at face value for arc lavas: a correction for subduction Hf w = (1−f ). Hf m +r Hf f. Hf sz 1−f (1−r Hf ) (13) must be carried out before mantle provenance can be determined. We quantify this correction in the next section. For any chosen values of Nd and Hf in the subduction and mantle components and of r Nd , r Hf and r Yb , we can iteratively vary f in equations (12) and (13) to draw mixing curves
COVARIATIONS IN
on the Hf-Nd isotope diagram. We can simultaneously use equation (9) to calculate the magnitude of the Hf
ISOTOPE-ELEMENT SPACE
anomaly along these mixing curves that should result from the chosen values of r Nd , r Hf and r Yb .
We can carry out the same procedure for trace eleRelationships between the isotope and ments. The equivalent equations for drawing mixing lines trace element projections on the Nd/Yb-Hf/Yb plot are The Nd value of a mantle wedge ( Nd w ) can be expressed using the mixing equation of Langmuir et al. (1978) as
where Nd m and Nd sz are the Nd isotope compositions and . In (a), only Nd and/or Hf are non-conservative (subduction-mobile); in (b), all three elements are non-conservative. Plots of this type potentially enable us to test whether subduction is the cause of a HFSE anomaly in an arc lava and, if so, to make interpretations about its origin (see Fig. 12 ).
(0·05 and 0·2). Figure 7 illustrates the application of these equations to Modelling of the trace element diagram (Fig. 7a and b ) model the trace element and isotope diagrams for a range depends strongly on which elements are non-conservative of values of r Nd , r Hf and r Yb and to contour the diagrams during the subduction process. If Yb is conservative according to the resulting Hf anomaly. In this example, (Fig. 7a) , the subduction zone end-member has Hf/Yb the chosen end-members are fertile MORB mantle (m) and Nd/Yb ratios of infinity, and the mixing curve and a typical subducted pelagic sediment (sz). The dia-approaches the Nd/Hf ratio of the subduction component gram shows a series of mixing models for a range of as f (the mass fraction of the subduction component in the mantle) approaches unity. If Yb is non-conservative values of r Nd , r Hf and r Yb with ticks at selected values of f (Fig. 7b) , the mixing curve terminates at the composition Nd w = Nd m .
(1 -Nd) + Nd sz . Nd (16) of the subduction component and this composition will This expression no longer requires assumptions for f or limit the size of the Hf anomaly. The component will be for the composition of the subduction component as all the same composition as the subducted material itself the variables can be measured. In addition, this equation only for bulk mixing. The magnitude of the Hf anomaly can be rewritten by subtracting Nd P/I (the Nd value for any point on the diagram is given by contours that on the discriminant line at the same Hf value as that run parallel to the MORB-OIB array as drawn in Fig. 6a .
of the mantle wedge) from either side of the equation, Modelling of the isotope diagram (Fig. 7c) is, of course, i.e. independent of Yb and depends on the Hf and Nd values, and Hf and Nd concentrations, of the mantle Nd w -Nd P/I = Nd m .
(1-Nd)+ Nd sz . Nd-Nd P/I and subduction component end-members. The contours Rewriting in terms of Nd P/I (= Nd P/I -Nd w ) gives for Hf in this diagram demonstrate that, when subthe following straight-line expression for Nd P/I : duction processes produce a Hf anomaly in volcanic arc lavas, there is a predictable relationship between the size Nd P/I = ( Nd m -Nd sz ). Nd + ( Nd P/I -Nd m ) (17) of that anomaly and the Hf and Nd values of the lava. The precise relationship depends, as the equations Figure 8a shows the plot of Nd P/I vs Nd for samples indicate, on the ratios between subduction zone and with no or negative Hf anomalies ( Nd > 0). These mantle components for Hf and Nd, on the isotope lavas, predominantly those from the Recent arcs, form compositions of Hf and Nd in the subduction zone and a positive trend with a correlation coefficient of 0·700 mantle, and on the mass fraction of the subduction (n = 23), which is significant at the >95% confidence component. In general, addition of a subduction com-level. The test therefore supports the hypothesis that ponent with a high Nd/Hf ratio will give an isotopic displacement on the Nd axis of the Hf-Nd isotope plot composition on the left of the mantle array coupled is related to the excess flux of Nd with respect to Hf with a negative Hf anomaly; addition of a subduction from the subduction zone. component with a low Nd/Hf ratio will give an isotopic
As equation (17) shows, the slope of the line ( Nd mcomposition on the right of the mantle array coupled Nd sz ) then gives the difference between the Nd values with a positive Hf anomaly. It should be noted that the of the average subduction component and the mantle. presence or absence of a Hf anomaly in the subduction The slope of the line in Fig. 8a is about eight. Thus, for zone end-member is not important: what counts is what a likely Nd m value of +9, the average subduction is driven off that end-member into the mantle wedge. component should be +1. Inspection of Fig. 3a indicates that the Nd sz values for pelagic sediment, volcanogenic sediment, subducted Nd vs Nd P/I projection OIB and subducted MORB end-member compositions are approximately -8, +3, +7 and +12, respectively, The data presented here provide the opportunity to test giving end-member vectors in Fig. 8a with slopes of 17, the hypothesis that the negative Hf anomaly in the Recent 6, 2 and -3. The Nd in an average subduction component IBM arc lavas can be explained by the addition of of Nd = 1 thus requires some pelagic sediment but, if a subduction component rather than by subductionthe subduction component for Th and LREE has a independent processes such as partial melting. If this largely sedimentary origin [as suggested by the U-Th hypothesis is correct, there should be a significant positive systematics of Elliott et al. (1997) ], then volcanogenic correlation between Nd and Nd P/I , i.e. the data points sediment must dominate. If the subducted crust makes should be displaced to the left on the isotope plot by an a significant contribution, then the pelagic sediment amount corresponding to the magnitude of the Hf anrequirement becomes proportionally greater. omaly ( Fig. 6a and b) . The confidence level chosen for This conclusion is consistent with the Pb isotope plot the test really needs to reflect the fact that analytical error, in Fig. 3c , where the apparent Pacific provenance of variations in mantle source composition and variations in most IBM lavas indicates that pelagic sediment (which composition of the subduction component may all reduce plots in the Indian field) contributes less Pb than Pacific the correlation. However, we use the conventional level crust or volcanogenic sediment (which plot in the Pacific of 95% here. field). It is also possible that the dispersion of the arc The equation for the predicted relationship for the data could reflect a variation in the proportion of pelagic case of only Nd non-conservative is simplest if we assume sediment to volcanogenic sediment in the subduction that Nd is the only non-conservative element. In this component. case, Nd is equal to the mass fraction of Nd in the The intercept of the line on the Nd P/I axis at Nd = wedge that is derived from the subduction component 0 (no Hf anomaly) is given in equation (17) by ( Nd P/I -(i.e. Nd = fNd sz /Nd w ). We can then rewrite equation (11) as Nd m ). This value thus indicates the provenance of the mantle source-positive for an Indian source and negatUsing the same method of interpretation as before, the slope of the line gives the value of ( Hf m -Hf sz ). The ive for a Pacific source. In this case, the value of Nd P/Iis >0, i.e. lies clearly within the Indian mantle domain Hf values of subducted pelagic sediment, volcanogenic sediment, OIB crust and MORB crust are approximately and with similar Nd P/I to that of the Eocene basins, which have also been plotted in Fig. 8a . Thus, we can -3, +1, +5 and +15, respectively. For a mantle value of +17, the vectors then have slopes of 20, 16, 12 and 2. conclude that, despite displacement to lower Nd caused by the addition to the mantle of subducted Nd, this This slope of the IBM Protoarc samples is zero if all samples except Chichijima are plotted, so this requires displacement is insufficient to negate the first-order conclusion that the mantle source for the IBM arc always that Hf sz = Hf m . This in turn means that the Hf in any subduction component cannot be attributed to pelagic had Indian provenance. It should be noted that it is possible that Hf (and/or Yb) is not completely subduction sediment, volcanogenic sediment or OIB, as all of these have large positive slopes. MORB could just contribute immobile. If so, the theoretical relationship will be nonlinear with a slope of the line that is approximately eight if it were the only source of Nd. Inclusion of the sample from Chichijima gives a slope of about -10. This would at Nd = 0 but decreasing with increasing Nd. The figure will then underestimate the contribution of pelagic require a subduction component with a Hf value of about +27, clearly very unlikely. sediment. This possibility is tested in the next section with a plot of Hf against Hf/Yb. This test provides no
We therefore conclude that the subduction component is not the likely source of the positive Hf anomalies. evidence for significant Hf mobility during the genesis of the IBM arc. Therefore, the relationship is likely to be Despite the absence of any correlation between Hf anomaly and subduction component, the intercept at close to linear in the case of the IBM system. Hf = 0 ( Hf P/I -Hf m ) can still be used to evaluate mantle provenance. As in the case of the Early and Recent arcs, it indicates that the mantle source for the
Hf vs Hf P/I projection
Protoarc was clearly Indian in character with the same Figure 8b ( Hf > 0) applies to samples with positive Hf composition as the Eocene basins. anomalies (predominantly the Protoarc). In this case, r = 0·481 (n = 12), which is insignificant at the 95% confidence level. This is not in itself sufficient to reject the Hf-Hf/Yb projection hypothesis that the positive Hf anomalies are due to a subduction component, however, as the subduction The remaining components of variation are those that represent the dispersion parallel to the discriminant axis component may have the same Hf value as the mantle.
indicating that Hf was not significantly mobile during the subduction process. Of the IBM Protoarc samples, the key sample is that from Chichijima. Unlike other Protoarc samples, the Chichijima sample has Pb isotope ratios that show a clear pelagic sediment component. This may explain why it exhibits a low Nd value. However, its low Nd value on the Hf-Nd isotope plot is not matched by a low value of Hf. Even during subduction initiation, therefore, we can conclude that Hf was probably a conservative, or near-conservative, element during the subduction process. (Fig. 2b) . It has also shown that the mantle provenance arcs all plot within the MORB field and do not have Hf/Yb ratios that correlate with Hf. Thus there is no indication that significant Hf in volcanic arcs can be evaluated once samples with in any part of the IBM arc studied has a subduction origin. However, negative Hf anomalies have been corrected for the excess the Sunda and Lesser Antilles arcs plot on a crustal trend that requires Nd added from the subduction zone. This correction can added Hf from subducted sediment, assimilated crust or both.
IMPLICATIONS Implications for the mantle input
be applied to the IBM system in the Hf-Nd diagram by subtracting 8 Nd (where eight is the slope of the on the isotope plot and along the MORB-OIB array on best-fit line in Fig. 8a ) from the samples with negative the Hf/Yb-Nd/Yb plot. Because (as shown in Fig. 8a ) Hf anomalies. The correction is approximate because it many of the lavas contain variable, added Nd from the assumes that the subduction component has the same subduction zone, ratios independent of Nd such as Hf derivation throughout the arc-basin system. Despite this and Hf/Yb best represent these components.
caveat, it reduces the dispersion of the active arc samples Figure 9 shows the plot of Hf against Hf/Yb for our (Fig. 10) . The resulting similarity in composition between own and published data on subduction-related lavas all the arcs and basins of the region suggests that there together with fields for MORB, OIB and subducted has been little change in mantle provenance from presediments. The figure shows two distinct trends, sug-arc spreading in the Eocene basins, through the Protoarc gesting that there are two principal causes of low Hf and Early arc to the Recent arc. This result extends the values. The 'OIB trend' is defined as the principal axis Hickey-Vargas et al. (1995) interpretation of an Indian of dispersion of the global OIB array. It is followed in provenance for the marginal basins in the west to the the Western Pacific by the OIB samples from the Eocene arc systems further east, and indicates that mantle of basins, by subducted OIB crust and by subducted vol-Indian provenance underlay the whole of the Western canogenic sediment. It is characterized by a decrease in Pacific area by the Eocene. Hf values accompanied by a significant increase in Hf/ Yb ratios. The 'crustal trend' is defined as the vector Relation of the Pacific-Indian discordance to the site of leading towards Pacific pelagic sediment and average subduction initiation continental crust. It is characterized by a decrease in Hf values accompanied by only a small increase in Hf/Yb It is significant that, whereas Nd and Hf isotope data indicate that the Protoarc lavas have Indian mantle ratios.
Of the arc rocks analysed for Hf isotopes to date, only provenance, Pb isotope data plot in the Pacific field (Fig. 3c) . Because the Pb concentrations in these lavas the Banda and Lesser Antilles samples plot towards crustal compositions, an observation consistent with more are much higher than could be derived from depleted mantle, most of this Pb must be derived from subduction detailed, published isotopic studies that highlight the importance of subducted crust and crustal assimilation of Pacific crust and/or Pacific volcanogenic sediment.
The combination of Pacific subducted lead and Indian in these regions (Davidson, 1987; Vroon et al., 1995 Vroon et al., , 1998 . The IBM arc shows no correlation at all, again mantle indicates that the plate configuration at the time Fig. 8a . The results suggest that, within error, the IBM system has tapped the same mantle source over the past 50 my and that that source had an Indian provenance. of subduction initiation was as shown in Fig. 11a, i. e. similar to that proposed by Bloomer et al. (1995) .
The data also shed some doubt on the hypothesis that subduction initiated at the Indian-Pacific mantle domain boundary. This hypothesis is attractive because the boundary is a zone of asthenospheric downwelling (Marks et al., 1991) and thus a potential site also for lithospheric downwelling. It would thus have been a logical site of subduction initiation. As noted above, however, all the The subduction component at that time contained Pb derived from allow the hypothesis to be rejected, it does mean that Pacific crust or volcanogenic sediment but little Hf and, only in specific the boundary cannot have lain west of the site of initiation cases, Nd. In the Recent arc, the negative Hf anomalies can best be and that it probably lay to the east. explained by decoupling of subduction-mobile Nd and subductionimmobile Hf at the slab-mantle interface, with little fractionation (depicted as Hf = Nd) during melting.
Evolution of the Pacific-Indian Discordance
The results obtained from study of the IBM system have potential implications for interpreting the Hf isotope data on Fijian lavas published by Salters & Hart (1991) . Those of the samples in the Indian field exhibit no negative Hf workers recognized that the dispersion of the Fiji data anomaly and would therefore require no subduction forms a cross-trend on the Hf-Nd isotope plot (Fig. 3a) . correction. The implication of this work is that this cross-trend could
In terms of timing, the appearance of the Pacific mantle represent a change in mantle provenance during the signature followed the collision between the Ontong-Java evolution of the region. Unfortunately, full trace element Plateau with the subduction zone and the resulting subanalyses are not published on these samples, precluding duction polarity reversal. Moreover, it disappeared again a correction for subducted Nd of the type shown in after arc rifting. If this timing is correct, then this polarity Fig. 8 . However, the three samples plotting in the Pacific reversal may have allowed Pacific mantle to enter the field are likely to demonstrate a true Pacific provenance system, having previously been precluded from doing so because any subduction correction should take them by the presence of the subduction zone. Further work is in progress to test this model in detail. further into the Pacific field. In addition, at least some Fig. 12 . Use of the modelling methods developed in this paper to constrain the causes of the negative Hf anomalies in IBM arc samples, and particularly the sample with the largest negative anomaly (Eifuku). In both the trace element (a) and isotope (b) projections, mixing curves between mantle and subduction components constrain the Nd/Hf ratio in the subduction component to high to infinite values. We suggest that this high ratio, coupled with a high value of f (the mass fraction of the subduction component in the mantle wedge), is the cause of the large negative Hf anomaly at Eifuku. In both plots, data from Pacific marginal basins and Indian MORB constrain the likely range of mantle source compositions. The isotopic composition of the subduction component is taken from Fig. 8a . It should be noted that the trace element and isotope plots give consistent results, which would not be the case if residual mantle phases or mantle-melt reactions had caused the negative Hf anomaly.
has Nd/Hf = infinity. The mantle at m 2 lies just beyond Implications for the subduction input the the maximum Hf value in the Western Pacific Cause of the negative Hf anomalies marginal basin array. To pass through the Eifuku data Figure 8a demonstrates that the shift to high Nd/Yb point and produce a negative Hf anomaly of Hf~0·60, ratios in samples with negative Hf anomalies is matched the mixing curve to the subduction component must by a shift to lower Nd values in the isotope diagram.
have a Nd/Hf ratio of~40, some 10 times that of the This in turn provides the evidence that the negative Hf mantle wedge. The mantle at m 3 has the maximum Hf anomalies cannot be caused by residual phases in the value in the global MORB array. The mixing curve now mantle but must be caused by addition of a subduction requires a Nd/Hf ratio in the subduction component of component which has a high Nd/Hf ratio.~2 0, or five times that of the mantle wedge. From this The method developed in this paper for the modelling study, it is apparent that all models require Nd/Hf ratios of Hf-Nd covariations can be applied to place a maxthat are significantly higher than the mantle ratio. The imum limit on the Nd/Hf ratio of the subduction compossible range of absolute Nd/Hf ratios lies between~20 ponent. Figure 12b shows isotope models for the sample and infinity and the likely range lies between~40 and (from Eifuku) with the largest negative Hf anomaly. The infinity. subduction component chosen has Hf = 3 and Nd = These values are confirmed by the trace element mixing 1 to be consistent with the mixed pelagic-volcanogenic curves in Fig. 12a . Again, the Eifuku sample can be composition deduced in Fig. 8a . Figure 12a shows the modelled with a Nd/Hf ratio in the subduction zone equivalent trace element models with a subduction comcomponent that could vary from 20 to infinity, the precise ponent composition consistent with a pelagicvalue depending upon the precise composition of the volcanogenic sediment mixture. mantle end-member. On the isotope plot of Fig. 12b , three compositions This high ratio of Nd/Hf in the subduction component on, and on extensions of, the Western Pacific marginal is difficult to reconcile with any model requiring the basin array have been taken as mantle end-members for fusion of sediment or oceanic crust. The solubility of Zr the mixing trends between the mantle and subduction in sediment or oceanic crustal melts is probably a function components. The mantle at m 1 has the minimum likely of zircon solubility, a process that is dependent on temHf value, i.e. Hf m = Hf w . In consequence, the mixing trend is horizontal and the subduction zone component perature, melt composition and volatile content. The saturation concentration (C Zr ) of Zr in a typical crustal continental crust is being subducted (Vroon et al., 1995 , melt has been determined as ln C Zr = 17·18 -12900/ 1998), is one example. Another is the southern part T (Watson & Harrison, 1984) . This equation gives a of the Lesser Antilles, where terrigenous sediments are value of~25 ppm of Zr in solution at 650°C, rising to subducting (Davidson, 1987) . Both have low Hf values 1150 ppm at 1000°C. The Zr/Hf ratios of continental corresponding to the addition of both Nd and Hf from crust, oceanic crust and leucogranites formed by crustal crustal or sediment sources (Fig. 3) . The IBM arc shows melting (and the zircon crystals they contain) are usually no such component of variation. in the range of 30-36 (Schärer et al., 1997) . It is thus likely It is interesting that the conclusion reached here, that that much of the Hf in metasediment or metamorphosed aqueous fluid was more important than siliceous melt in oceanic crust is present in zircon and dependent on the subduction component, is the opposite of that reached zircon solubility for its concentration in the resulting by Elliott et al. (1997) based on Th-U systematics. The melts. Studies of natural examples, such as the Catalina conflict could be reconciled in favour of our model if the schist (Sorensen & Grossman, 1989) confirm that Hf may aqueous fluid were to contain more Th than Elliott et al. be mobilized in melts from subduction zones at levels envisaged. Alternatively, it could be reconciled in favour that maintain almost constant Zr/Hf ratios in the melt. of the Elliott et al. model if the siliceous melt were to
The various equations that describe zircon solubility, contain less Hf than we envisage. The outcome of the coupled with analyses of known crustal melts, thus dem-debate is an important one, because it will place cononstrate that the Zr, and hence Hf, content of siliceous straints on some of the thermal models for subduction melt is likely to be significant in comparison with the Hf zones. As it is, there are currently insufficient excontent of the mantle. For example, a sediment melt at perimental data for partitioning of the key elements 700°C should contain at least 1 ppm Hf, compared with between subduction fluids and realistic residual slab asa fertile mantle value of 0·2 ppm. Unless Hf is present semblages. in the subduction component but not transferred to the It is also interesting to note that the Hf-Nd isotope zone of sub-arc melting, it is likely therefore that this Hf and trace element systematics do not support an origin enrichment would be observed in the erupted lava. The for the negative Hf anomalies by mantle-melt interaction addition of 2 wt % of a subduction-derived melt should as defined by Navon & Stolper (1987) . There would then increase the Hf content of a fertile mantle wedge by at be no reason why Fig. 12a and b should give consistent least 25% and have an even greater effect on the depleted results. Moreover, the interaction trend in Fig. 8a would mantle that feeds many arc volcanoes. The fact that this reflect an increase in the magnitude of the negative is not observed leads us to the conclusion that Hf is Hf anomaly ( Nd) towards a mantle composition, not indeed conservative or nearly so for the IBM arc. This towards a subducted sediment vector as observed. conclusion is reinforced by the Zr/Hf ratios for the active Mariana arc, which vary in accordance with a mantle VOLUME 40 NUMBER 11 NOVEMBER 1999 'HIMU' component, also fails to be supported by the plotting along a trend towards pelagic sediment. As Stern et al. (1991) noted, the fact that boninites are derived data. From the element perspective, OIB with HIMU components plot along the MORB-OIB array, whereas from very depleted mantle means that the effect of added components is proportionately higher than in other lava the Protoarc lavas lie off the array to high Hf/Yb ratios. From the isotope perspective, the Protoarc lavas still plot types. Our assumption, therefore, is that the Chichijima boninite was indeed derived from a mantle source conwith the Indian MORB field with no vector towards the Pacific OIB field in which HIMU compositions are taining a subduction component with a high Nd/Hf ratio. The gabbro melt component with a high Hf/Nd known to plot (Fig. 2) . In fact, the sample with the largest ratio, however, masked this effect elementally, but has positive Hf anomaly (from Chichijima) lies furthest from little effect isotopically because it had an Indian MORB the HIMU field. mantle composition. Clearly, however, further analyses The rejection of these two principal hypotheses for the need to be carried out to confirm or disprove this cause of the positive Hf anomalies requires that a new hypothesis. hypothesis be created that is compatible with the Hf-Nd data. The main constraints provided by the Hf-Nd isotope and trace element data are that the cause of the positive Hf anomalies must (1) lie in mantle or mantle CONCLUSIONS components of Indian provenance and (2) involve a MORB, rather than an OIB, mantle source. The most (1) Our pilot study shows that mantle of Pacific and probable remaining options therefore lie in the melting Indian provenance can be distinguished in Hf-Nd, as process.
well as in the commonly used Pb, The most obvious possibility is that the anomalies isotope space. Mantle of Indian provenance is charrelate to the two-stage mantle melting process that is acterized by higher Hf and lower Nd. A discriminant known to be important in the genesis of the boninites, boundary can be drawn between samples from the two which make up most of the Protoarc. The argument is provinces and deviations from the boundary can be that a first stage of melting depletes the mantle source defined as Nd P/I for Nd and Hf P/I for Hf. through extraction of melt with a high Nd/Hf ratio (2) Of the Western Pacific MORB and OIB, the pre-(negative Hf anomaly). The second stage of melting that subduction marginal basins have Indian province whereas Pacific subducting crust and volcanogenic sediments have produces boninites would then generate melts with low Nd/Hf ratios (positive Hf anomaly). Modelling of this Pacific provenance.
(3) Of the subduction-related lavas, virtually all plot in option (not shown) indicates that small positive anomalies could be produced in this way. However, Yb is more the field of Indian provenance, although with significant scatter. Moreover, the majority have Hf anomalies on compatible than either Nd or Hf during melting, so the second stage melt should have low Hf/Yb ratios. These an extended chondrite-normalized REE plot, which may mean that the Hf-Nd isotope composition is subduction are not observed: Hf/Yb ratios are greater than, not less than, MORB.
affected. Samples from the Protoarc, i.e. those associated with subduction initiation, mainly have positive Hf anThe second possibility is that the melting to produce the boninites is so shallow that gabbro veins are melted omalies, whereas samples from the Early arc have no anomalies and samples from Recent arcs mainly have in addition to depleted mantle. Because these veins would have Indian provenance, they could explain continued negative Hf anomalies.
(4) Consideration of Hf-Nd element variations (as a Indian signature of the lavas. Because the veins are derived from MORB mantle, they could explain the Nd/Yb vs Hf/Yb plot) allows Hf anomalies on extended REE plots to be defined as Nd values for negative Hf absence of any isotopic mixing trend to OIB compositions. Furthermore, partial melting of gabbro to leave anomalies and Hf values for positive Hf anomalies. For the samples with negative Hf anomalies, Nd values a residue containing amphibole and clinopyroxene would also account for the enrichment in Hf relative to the correlate positively and significantly with Nd P/I , indicating that the negative Hf anomalies can be explained REE (Pearce et al., 1992a) . At present, therefore, we believe this to be the only hypothesis that clearly explains by selective addition of Nd to the mantle wedge from the subduction zone. The trend of the correlation further both isotope and trace element variations.
A further point of note is the fact that the boninite shows that the added component is probably derived from a mixture of pelagic and volcanogenic sediment, from Chichijima has a significantly lower Nd value than the other Protoarc lavas. The value is similar to that but with the volcanogenic sediment dominant.
(5) Analysis of the same plot of Nd against Nd P/I of the lava from Eifuku that has a large negative Hf anomaly-yet the Chichijima boninite has a positive Hf shows that, for Nd = 0 (i.e. no subduction component), Nd P/II > 0, indicating that both the Early and Recent anomaly. Significantly, this boninite also has a different Pb isotope signature from the other boninites analysed, Izu and Mariana arcs have Indian provenance.
(6) There is no correlation between Hf values and Palau, Saipan and Guam, and Chris Ottley for analytical assistance. We also thank Jon Davidson, Terry Plank, Hf P/I , indicating that the positive Hf anomalies are unlikely to be explained by a subduction input. The plot Bob Stern and an anonymous reviewer for constructive reviews that significantly improved the paper. NERC can, however, be used to demonstrate that the Protoarc was, like the Eocene basins and Oligocene and Recent (UK) funded the work through Research Grant GR9/ 1260A. arcs, derived from a mantle wedge with Indian provenance. This in turn fails to support the hypothesis that subduction initiated at a mantle domain boundary.
(7) The other component of mantle variation, that
